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Inactivation of Notch1 Impairs VDJ Rearrangement
and Allows pre-TCR-Independent Survival
of Early  Lineage Thymocytes
CD25 (DN4) (Godfrey and Zlotnik, 1993; Rodewald and
Fehling, 1998). The decision to enter either the  or 
lineage is taken during this maturation process; how-
ever, it is still not clear at which exact stage of DN
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the  lineage. The signals implicated in the specifica-1066 Epalinges
tion of the  versus  lineage decision remain to beSwitzerland
identified (reviewed in Berg and Kang, 2001). In order
to make the developmental transition from DN3 to DN4,
the TCR chain must be assembled into the pre-T cellSummary
receptor (pre-TCR) complex, which consists of a TCR
chain, the invariant pT chain, and CD3 components.Notch proteins influence cell fate decisions in many
Only cells that have a functional pre-TCR survive thedevelopmental systems. During lymphoid develop-
transition from DN3 to DN4, a process also known as ment, Notch1 signaling is essential to direct a bipotent
selection. In mice deficient for any component of theT/B precursor toward the T cell fate, but the role of
pre-TCR (Fehling et al., 1995; Malissen et al., 1995; Mom-Notch1 at later stages of T cell development remains
baerts et al., 1992a, 1992b; Shinkai et al., 1992) develop-controversial. We have recently reported that tissue-
ing  lineage thymocytes are blocked at the DN3 stagespecific inactivation of Notch1 in immature (CD44
and do not survive.CD25) thymocytes does not affect subsequent T cell
Subsequently,  lineage DN thymocytes maturedevelopment. Here, we demonstrate that loss of
through a CD8TCRlow immature single-positive (ISP)Notch1 signaling at an earlier (CD44CD25) develop-
stage to give rise to the major CD4CD8 double-posi-mental stage results in severe perturbation of  but
tive (DP) subset. DP thymocytes start to express low tonot  lineage development. Immature Notch1/ thy-
intermediate levels of CD3/TCR at the cell surface andmocytes show impaired VDJ rearrangement and ab-
undergo positive and negative selection based on theerrant pre-TCR-independent survival. Collectively, our
affinity of their  TCR with peptide-MHC complexesdata demonstrate that Notch1 controls several nonre-
on thymic epithelial cells. Positively selected cells sur-dundant functions necessary for  lineage develop-
vive and downregulate either CD4 or CD8 to becomement.
mature functional CD4CD8 or CD4CD8 single-posi-
tive (SP) T cells.Introduction
Many different signaling molecules have been shown
to be involved in T lymphocyte development. One suchThe development of T cells from pluripotent stem cells
molecule is Notch1, which has been reported to be in-involves a coordinated series of differentiation and lin-
volved in all three major lineage decisions during T celleage commitment steps. T lymphocytes, like other cells
development, i.e., T versus B (Izon et al., 2002; Koch etof the blood system, are derived from pluripotent hema-
al., 2001; Pui et al., 1999; Radtke et al., 1999),  versustopoietic stem cells (HSC). During T cell development,
 (Washburn et al., 1997), and CD4 versus CD8 (Robeyprecursor cells are confronted with several distinct cell
et al., 1996; Yasutomo et al., 2000). Notch proteins arefate specification events. The first of these is that a
large transmembrane receptors that have been showncommon lymphoid precursor (CLP) which has lost ery-
to influence cell fate decisions in many different organ-
throid and myeloid potential must decide whether to
isms (Artavanis-Tsakonas et al., 1999). Their extracellu-
adopt a T or a B cell fate. Once the T cell lineage is
lar domains contain a series of epidermal growth factor
specified, a pro-T (or pre-T) cell in the thymus must (EGF)-like repeats which are involved in ligand interac-
choose between  and  lineages. Finally,  lineage- tions (Rebay et al., 1991). The intracellular domain is
committed thymocytes must differentiate into either the cleaved upon ligand binding and translocates to the
CD4 or CD8 mature T cell lineages (reviewed in Rode- nucleus where its heterodimerization with RBP-J (re-
wald and Fehling, 1998; Rothenberg, 2000). combination signal sequence binding protein for J
The thymus is the major site of T lymphocyte matura- genes) converts RBP-J from a transcriptional repressor
tion and differentiation. Thymocytes can be divided into into an activator, thereby leading to target gene tran-
four main subsets based on the expression of CD4 and scription. Notch1, Notch2, and Notch3 as well as the
CD8. The CD4CD8 double-negative (DN) cells repre- ligands Jagged1, Jagged2, and Delta-like-4 are ex-
sent the most immature thymic subset and are mostly pressed on thymocytes and thymic epithelium (Felli et
surface CD3/T cell receptor (TCR) negative. The DN sub- al., 1999; Hasserjian et al., 1996; Yan et al., 2001).
set can be further subdivided into four developmental Conditional inactivation of the Notch1 gene in mouse
stages (DN1–4) based on their differential expression of bone marrow precursors has revealed a cell autono-
CD44 and CD25, maturing from CD44CD25 (DN1) to mous block early in T cell development prior to expres-
CD44CD25 (DN2) to CD44CD25 (DN3) to CD44 sion of T lineage markers (Radtke et al., 1999). Moreover,
Notch1-deficient precursor cells adopt a B cell fate in
the thymus (Wilson et al., 2001). A complementary study1Correspondence: freddy.radtke@isrec.unil.ch
2 These authors contributed equally to this work. shows that overexpression of a constitutively active
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form of Notch1 (Notch1-IC) in bone marrow precursors mal promoter (Lee et al., 2001) to obtain tissue-specific
inactivation of Notch1 in the thymus (Figure 1A). Sinceleads to ectopic T cell development in the bone marrow
at the expense of B cell development (Pui et al., 1999). the use of commercially available antibodies against
Notch1 in cytofluorometric analysis does not result inCollectively, these studies strongly suggest that Notch1
controls T/B fate specification in a CLP. specific staining in our hands, a PCR analysis designed
to detect the onset of deletion of the floxed Notch1 geneSeveral different studies have suggested roles for
Notch1 later in T cell development. One study has postu- was performed on different thymocyte subsets (DN1-
DP as indicated in Figure 1B). Control mice (Notch1lox/lox)lated that Notch1 influences the  versus  lineage
decision. In chimeric mice repopulated by a mixture of and floxed Notch1 mice carrying a Cre-recombinase
transgene driven either by a CD4 minigene or the proxi-Notch1/ and Notch1/ BM cells, Notch1/ precursor
cells were shown to contribute less to the  lineage mal lck-promoter (Lee et al., 2001) were analyzed side
by side. Genomic DNA was prepared from sorted cellsthan Notch1/ precursors (Washburn et al., 1997). In
addition, several reports suggest that Notch1 signaling of different thymocyte subsets, and PCR was performed
using a set of three primers (as indicated by arrows inmay also influence the CD4 versus CD8 lineage decision
(Robey et al., 1996; Yasutomo et al., 2000), maturation Figure 1A) able to distinguish between the floxed and
deleted Notch1 alleles. Inactivation of the Notch1 geneand/or survival of DP thymocytes (Deftos et al., 1998,
2000; Jehn et al., 1999), or inhibition of positive selection in lck-Cre (Notch1lox/lox&lck-Cre) mice starts at the
DN2 stage and is complete by the early DN3 stageby interfering with TCR signal strength at the DP to
SP transition (Izon et al., 2001). Although these reports (CD44CD25TCR). In contrast, the floxed Notch1 al-
lele remains undeleted in both DN2 and early DN3collectively support a role for Notch1 in the DP to SP
transition, there is no clear consensus on Notch1 func- (CD44CD25TCR) stages in the CD4-Cre mice
(Notch1lox/lox&CD4-Cre). Inactivation of the floxedtion during this process.
In a previous study, we have reported that tissue- Notch1 gene starts at the late DN3 (CD44CD25TCR)
stage in CD4-Cre mice, and deletion is complete by thespecific inactivation of the Notch1 gene in immature
DN3 thymocytes has no effect on subsequent CD4 and DN4 (CD44CD25) stage. These results clearly show
that lck-Cre-mediated inactivation of the floxed Notch1CD8 T cell development (Wolfer et al., 2001). One possi-
ble explanation for why thymic T cell development is gene occurs at an earlier stage of thymocyte develop-
ment compared to the deletion mediated by the CD4-Crenot perturbed beyond the DN3 stage in the absence of
Notch1 is functional redundancy and/or compensation transgene, which has no effect on subsequent thymic
development (Wolfer et al., 2001).by Notch2 or Notch3. Alternatively, overexpression of
Notch1-IC may activate signaling pathways that are not
controlled by Notch1 under physiological conditions. Inhibition of Mature  but Not  T Cell
Finally, Notch1 may have a nonredundant function dur- Development in Notch1/ Mice
ing early thymocyte development prior to expression of Having determined the developmental stage at which
the pre-TCR complex, such that inactivation of Notch1 the Cre recombinase under the control of the proximal
function at the late DN3 (CD44CD25 icTCR) stage lck promoter is active, thymi of Notch1lox/lox lck-Cre (re-
would take place too late. Indeed, cells expressing a ferred to hereafter as Notch1/) and Notch1lox/lox (re-
pre-TCR complex could be considered to be already ferred to hereafter as control) mice were analyzed. The
irreversibly committed to the  lineage (and therefore absolute number of total thymocytes is reduced 5-fold
the role of Notch1 signaling during  versus  lineage in Notch1/ animals compared to controls (Figure 2B).
commitment could not be addressed). Analysis of the CD4/CD8 profiles reveals a 10-fold in-
In order to address these questions, mice in which crease in the percentage of DNs and a moderate de-
essential portions of the Notch1 gene were flanked by crease in the percentage of DP thymocytes in the
loxP sites (Radtke et al., 1999) were crossed with trans- Notch1/ mice compared to controls (Figure 2A). Inter-
genic mice expressing the Cre recombinase under the estingly, the absolute number of DN thymocytes is un-
control of the proximal lck promoter (Lee et al., 2001). changed while the numbers in all more mature subsets
Here, we report that tissue-specific inactivation of the are substantially decreased (ISP thymocytes [10-fold],
Notch1 gene in immature DN2 thymocytes by the lck- DP [6-fold], CD4 SP [4-fold], and CD8 SP [3-fold]) (Figure
Cre recombinase: (1) severely impairs  but not  T 2B). These observations indicate that loss of Notch1 in
cell development; (2) partially blocks thymocyte devel- early thymocyte subsets leads to a partial develop-
opment at the pre-TCR checkpoint due to a severe im- mental block at the DN to DP transition.
pairment of V-DJ rearrangement; and (3) induces an Notch1 signaling has been proposed to influence the
accumulation of icTCR DN4 cells that have presum-  versus  lineage decision. This model hypothesizes
ably bypassed the pre-TCR checkpoint. that thymocytes receiving a Notch1 signal are more
likely to develop into  lineage cells, whereas thymo-
cytes receiving no signal or only a weak signal will devel-Results
op into  lineage cells (Washburn et al., 1997). This
implies that if Notch1 has been inactivated in a putativeEarlier Intrathymic Deletion of Notch1 by lck-Cre
Compared to CD4-Cre Transgene common / precursor, an increase in the number of
 cells would be observed in the thymus of Notch1/In order to determine the role of Notch1 during early
intrathymic development, Notch1lox/lox mice (Radtke et mice. To test this prediction, thymocytes derived from
Notch1/ and control mice were stained for surface al., 1999) were crossed with transgenic mice expressing
the Cre recombinase under the control of the lck proxi- TCR expression. The absolute number of  T cells in
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Figure 1. Tissue-Specific Inactivation of the
Notch1 Gene in Immature Thymocytes by the
CD4- or lck-Cre Recombinase
(A) Notch1lox/lox mice were crossed with trans-
genic mice expressing the Cre recombinase
under the control of the CD4 minigene (CD4-
Cre) or the proximal lck promoter (lck-Cre) to
obtain tissue-specific deletion of Notch1 in
thymocytes. (Left) The genomic organization
of the Notch1lox/lox locus is partially shown
(Notch1lox/lox); the exon coding for the leader
peptide (black box) is flanked by two loxP
sequences (gray triangles) followed by the
exon coding for the first EGF repeat (gray
box). Arrows indicate approximate position
of PCR primers used to detect deletion. The
genomic region flanked by loxP sites is 3.5
kb long as indicated. (Right) The Cre-recom-
binase transgene is driven either by a CD4
minigene or or by the proximal lck promoter.
(B) Side-by-side PCR analysis for Notch1
gene deletion on the indicated thymocyte
subsets (DN1–DN4 and DP) isolated from ei-
ther control (Notch1lox/lox), CD4-Cre (Notch1lox/
loxCD4-Cre), or Lck-Cre (Notch1lox/loxlck-Cre)
mice. PCR amplification of the floxed Notch1
allele results in a fragment of 350 bp (indi-
cated as lox), whereas the deleted Notch1
allele gives rise to a 470 bp band (indicated
by ko). DN3 thymocytes were further sorted
into two subsets (early and late) according to
icTCR staining as indicated.
thymi of Notch1/ mice is no different from that in thymi tion, the accumulation of such a population in the thy-
mus of Notch1/ mice suggests a defect in pre-TCRof control mice (Figure 2B).
signaling.
 Lineage Development Is Partially Blocked
at the Early DN3 Stage Decreased Frequency of icTCR Cells and Impaired
V-DJ Rearrangement in Notch1/ DN3 ThymocytesTo determine at what stage of thymocyte development
the partial block in  lineage development occurs, the In Notch1/ mice, a large number of CD25bright DN3 cells
are found in the thymus, suggesting that one or more ofcomposition of the DN compartment was further ana-
lyzed in Notch1/ and control mice. CD44 versus CD25 the pre-TCR components might be defective or absent.
CD3 can be excluded as a possible target, as allFACS profiles of lineage negative DN thymocytes reveal
an increased population of CD44intCD25bright cells in CD25bright DN3 cells in Notch1/ mice express levels of
icCD3 protein comparable with DN3 cells of controlNotch1/ but not control mice (Figure 3A). This CD44int
CD25bright population resembles a population normally mice (data not shown). Moreover,  T cell development
is normal in the absence of Notch1, further indicatingpresent in mice that have a defect in pre-TCR signaling,
such as pT/, TCR/, Rag1/, and CD3/ mice (Fig- that CD3 components are not affected (Figure 2B). How-
ever, pT has been reported to be a possible targeture 3A and data not shown). The level of expression of
CD25 found on these Notch1/ CD44intCD25bright cells gene of Notch1 signaling (Deftos et al., 2000), and more
recently, Notch1 has been shown to influence the onsetis indistinguishable from that expressed by DN3 thymo-
cytes of pT/ mice, both of which are significantly of induction of pT (Reizis and Leder, 2002). To deter-
mine if pT is indeed the pre-TCR component affectedhigher than on control thymocytes (Figure 3B). Further-
more, the absolute number of these CD44intCD25bright by the deletion of Notch1, the level of expression of pT
mRNA was measured by RNase protection analysis incells in Notch1/ mice is increased 4-fold compared to
controls (Figure 3C). As this CD44intCD25bright population total DN thymocytes of control and Notch1/ mice. No
significant differences were observed, indicating thatis characteristic of mice with defective pre-TCR func-
Immunity
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Figure 2. Thymocyte Subsets of Notch1/ and Control Mice
(A) A representative flow cytometry analysis of CD4 versus CD8 on thymocytes from control (left) or Notch1/ (right) mice. Percentages of
CD4 SP, CD4CD8 (DP), CD8 SP, and CD4CD8 (DN) cells are indicated.
(B) Absolute cell numbers were calculated for total thymocytes and the thymocyte subsets described in (A), in addition to ISP (CD4CD8CD3)
and mature  T cells. The bars represent mean 	 SD values for control and Notch1/ mice, where n 
 20 for each.
loss of Notch1 before the early DN3 stage does not of the frequently used V5.1 and V8.2 genes is severely
reduced (Figure 5A).affect the steady-state expression of pT (Figure 4A).
Another essential component of the pre-TCR is the
TCR chain protein, which can be first detected using Development of Aberrant  Lineage icTCR DN4
Cells in Notch1/ Micean intracellular staining protocol in a subset of DN3
thymocytes (Aifantis et al., 1999; Wilson et al., 1999). In the absence of icTCR protein, developing thymo-
cytes cannot receive a pre-TCR signal (survival or prolif-Intracellular staining for TCR protein on DN3 thymo-
cytes of Notch1/ mice reveals that although they have eration). Consequently, they are unable to progress to
the DN4 stage by downregulating CD25 expression, ornormal amounts of icTCR protein on a per cell basis,
the percentage of icTCR DN3 thymocytes is strongly further to the DP stage and beyond (Fehling et al., 1995;
Malissen et al., 1995; Mombaerts et al., 1992a, 1992b).(3-fold) reduced compared to control DN3 cells (Figure
4B). In contrast, while the percentage of icTCR DN3 Surprisingly however, although all DN4 thymocytes from
both control and Notch1/ mice express icCD3 (Figurecells in pT/ mice is the same as in the control, the
amount of icTCR protein on a per cell basis is reduced 6A), only around 50% are icTCR in the absence of
Notch1, in contrast to control DN4 cells which are90%as described previously (Aifantis et al., 1999). The fact
that the intensity of icTCR staining on DN3 thymocytes icTCR (Figure 4B). In absolute numbers, Notch1/
icTCR DN4 cells are not significantly reduced com-of Notch1/ origin is comparable to control but distinct
from pT/ mice is further (albeit indirect) evidence that pared to the equivalent population of control animals,
whereas Notch1/ icTCR DN4 cells are significantlyNotch1 deficiency at this developmental stage does not
affect pT expression. increased (5-fold) (Figure 4C). The presence of large
numbers of icTCR DN4 cells in Notch1/ mice is notThere are two possible explanations for the decreased
number of icTCR cells in Notch1/ DN3 thymocytes. simply due to reduced numbers of icTCR DN3 cells.
Indeed, hemizygous TCR/ mice have significantlyThe first possibility is impairment of TCR re-
arrangement, while the second is that the rearranged fewer icTCR DN3 cells than controls, yet their DN4
population expresses icTCR to a normal extent (FigureTCR locus is not transcribed or translated. In order to
distinguish between these two possibilities, DN3 4B), indicating that the pre-TCR checkpoint is functional
and does not allow the development of icTCR cells(CD44CD25) thymocytes from control and Notch1/
mice were sorted and their genomic DNA analyzed by beyond DN3. Interestingly, although only around 50%
of Notch1/ DN4 cells express icTCR, all DP thymo-PCR for TCR rearrangement. Interestingly, while the
extent of DJ rearrangement is comparable in control cytes of Notch1/ animals are icTCR (Figure 4B).
These data suggest that only icTCR DN4 cells matureand Notch1/ DN3 thymocytes, VDJ rearrangement
Role of Notch1 in Early  T Cell Development
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Figure 3. Accumulation of CD44intCD25bright DN Thymocytes in Notch1/ Mice
(A) A representative flow cytometric analysis of CD44 versus CD25 on electronically gated lineage-negative DN thymocytes from littermate
control, Notch1/, pT/, or TCR/ mice. The region denotes the accumulating CD44intCD25bright DN3 thymocyte population.
(B) Histogram overlay of CD25 expression on total lineage-negative DN thymocytes comparing control (solid line), Notch1/ (filled histogram),
and pT/ (dotted line) mice.
(C) Absolute numbers were calculated for the CD44intCD25bright thymocytes in control (light gray) and Notch1/ (dark gray) mice. The bars
represent mean 	 SD values where n 
 10 for control and n 
 13 for Notch1/ mice.
further and that the icTCR cells that accumulate in B cell lineage. Interestingly, Notch1/ icTCR DN4
thymocytes have normal levels of DJ rearrangementthe DN4 subset of Notch1/ mice die during the transi-
tion from DN4 to DP. Consistent with this hypothesis, but severely reduced levels of VDJ rearrangement (Fig-
ure 5B). Taken together, these results suggest thatwe found that icTCR DN4 thymocytes of Notch1/
mice are not proliferating, while icTCR DN4 thymo- icTCR Notch1/ DN4 cells represent aberrant  lin-
eage cells that have matured to the DN4 stage of devel-cytes of Notch1/ mice cycle almost as extensively as
control icTCR DN4 cells (data not shown). opment in the absence of pre-TCR signaling.
We have previously shown that a small proportion
(10%) of committed  precursor cells can be identi- Discussion
fied in the DN4 population of normal mice by expression
of icTCR protein (Wilson et al., 1999). To eliminate We have previously shown that Notch1 signaling in BM
CLPs is essential for T versus B cell fate specificationthe possibility that the accumulating Notch1-deficient
icTCR DN4 population represents  precursors or (Radtke et al., 1999; Wilson et al., 2001). Using different
experimental approaches, other groups have confirmedan aberrant  population which cannot express a 
TCR on the surface, icTCR versus icTCR staining this result (Izon et al., 2002; Koch et al., 2001; Pui et al.,
1999). Several additional reports have suggested furtherwas performed on DN4 thymocytes of control,
Notch1/, and pT/ mice. As shown in Figure 6B, only independent functions for Notch1 signaling at later
stages during thymocyte development. However, these9% of total DN4 thymocytes in Notch1-deficient mice
express icTCR, a similar proportion to that observed results are controversial, and there is no clear consen-
sus on the intrathymic function of Notch1. Proposedin controls. In pT-deficient mice where increased  T
cell development occurs (Fehling et al., 1995), a large roles for Notch1 signaling in T cell precursors include
influencing the versus and CD4 versus CD8 lineageincrease of icTCR DN4 precursors is observed (Fig-
ure 6B). To confirm that the icTCR DN4 cells in decisions (Robey et al., 1996; Yasutomo et al., 2000),
influencing the maturation and/or survival of DP thymo-Notch1-deficient mice are T cells, surface staining for
CD90 (Thy 1) and intracellular staining for CD3 and IgM cytes (Deftos et al., 1998, 2000; Jehn et al., 1999), as
well as perturbing positive selection (Izon et al., 2001).were performed. As shown in Figure 6A, virtually all DN4
cells of Notch1/, control, and pT/ mice express high The diversity of these putative functions for Notch1 sig-
naling is due to the use of different experimental ap-levels of CD90 and icCD3 and are negative for icIgM,
clearly indicating that they are of the T and not the proaches that are mostly based on gain-of-function ex-
Immunity
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Figure 4. Normal pT mRNA but Impaired icTCR Protein Expression in the Absence of Notch1
(A) RNase protection analysis with probes for pT (top) and S16 (bottom) on total DN thymocytes from three individual littermate control mice
and four individual Notch1/ mice. Control pT-expressing Sci cells are on the right. Phosphorimager quantitation of the ratio of the two
probes gives mean 	 SD values of 0.1 	 0.02 for Control and 0.11 	 0.03 for Notch1/.
(B) Representative histograms for icTCR expression on DN3, DN4, and DP thymocytes from control, Notch1/, pT/, or TCR/ mice.
The numbers above the bars indicate the percentage 	 SD of icTCR cells where n 
 24 (Control and Notch1/), 26 (pT/), and 10
(TCR/). The difference between littermate Control and TCR/ DN3 cells is significant (p  0.001).
(C) Absolute numbers were calculated for icTCR and icTCR DN4 thymocytes in control and Notch1/ mice. The bars represent mean 	
SD values for control and Notch1/ mice where n 
 11 for both.
periments using variants of a dominant active form of T cells in chimeric mice reconstituted with a mixture of
Notch1/ and Notch1/ BM (Washburn et al., 1997).the Notch1 receptor (Notch1-IC) . These results have
been challenged in our recent report (Wolfer et al., 2001) Second, a constitutively active form of Notch1 induces
TCR/ thymocytes to progress to the DP stage byin which we were unable to confirm any of these pro-
posed intrathymic functions for Notch1. Inactivation of bypassing the pre-TCR checkpoint. Based on these re-
sults, the authors suggested that Notch1 signaling pro-the Notch1 gene just post pre-TCR selection at the
CD44CD25icTCR stage of thymocyte development motes  T cell development at the expense of  lin-
eage T cells (Washburn et al., 1997). This model impliesdoes not perturb subsequent DP thymocyte maturation
or survival, nor does it affect mature CD4 and CD8 T thatandT cells originate from a common precursor
and that those precursors that receive a Notch1 signalcell development. This discrepancy might be due to
functional redundancy and/or compensation by Notch2 are more likely to enter the  lineage, while those re-
ceiving no or only a weak Notch1 signal will developor Notch3 receptors. Alternatively, inactivation of
Notch1 function at the CD44CD25icTCR stage may into  T cells. According to this hypothesis, Notch1
inactivation in a common / precursor should leadoccur too late, as Notch1 signaling is essential earlier
in thymocyte development. Here, we describe novel, to a decrease in  and an increase in  T cells. Our
results demonstrate that while  T cell development isunexpected, and nonredundant functions for Notch1
using Cre recombinase under the control of the prox- severely impaired in the absence of Notch1,  T cell
development is apparently normal with no change inimal lck promoter to specifically delete the floxed
Notch1 alleles in intrathymic precursors before the absolute numbers of  T cells.
As a putative icTCR  precursor population hasCD44CD25 stage (prior to pre-TCR selection). The
observed phenotype includes severe inhibition of  but previously been described in DN4 thymocytes of normal
mice (Wilson et al., 1999), it is conceivable that the in-not  T cell development, impairment of VDJ re-
arrangement, and an accumulation of icTCR late DN creased icTCR DN4 population observed in the ab-
sence of Notch1 is in fact an increase in this precursorthymocytes.
A role for Notch1 signaling in / lineage commit- population, as is observed in pT-deficient mice which
have increased  T cells. Alternatively, it may be anment has been proposed based on two pieces of experi-
mental evidence. First, hemizygous Notch1/ BM pre- aberrant  T cell population lacking surface expression
of a  TCR. However, as no increase in icTCR DN4cursors gave rise to relatively more  T cells than 
Role of Notch1 in Early  T Cell Development
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Figure 5. Notch1 Deficiency Affects VDJ
but Not DJ Rearrangements
(A) Southern blots of PCR performed on cell
lysates of sorted DN3 thymocytes derived
from control mice (C) or Notch1/ mice
(N1/) for DJ and VDJ rearrangements are
shown. PCR for Thy1 was performed on the
same lysates as loading control.
(B) DN thymocytes from either control mice
or Notch1/ mice were prepared and DN4
cells sorted into icTCR and icTCR
populations as indicated. Southern blots of
PCR performed on cell lysates of these sorted
cell populations for DJ and VDJ re-
arrangements are shown.
cells is detected in Notch1/ mice compared to con- developmental stage  T cells branch off from the 
lineage, we cannot exclude the possibility that Cre re-trols, this scenario is unlikely.
Taking into account that it is still unclear at which combinase activity mediated by the lck proximal pro-
Figure 6. DN4 icTCR Cells in Notch1/
Mice Are Not  Cells or B Cells
(A) FACS staining for surface CD90, icCD3,
and icIgM on gated DN4 thymocytes from
control, Notch1/, and pT/ mice. Overlay
in bottom row is icIgM staining on surface
IgM B220 immature B cells from normal
BM.
(B) Representative flow cytometry gated on
DN4 thymocytes from control, Notch1/,
and pT/ mice showing icTCR versus
icTCR profiles. Percentages of cells within
respective quadrants are indicated.
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moter deletes Notch1 after / lineage commitment too late. The latter icTCR DN4 population then contin-
ues maturation to the ISP, DP, and SP stages while theof a common Notch1-dependent precursor. Alterna-
tively,  T cells may be derived from a Notch1-indepen- icTCR DN4 cells presumably die.
In mouse, TCR rearrangement is controlled by thedent progenitor that cannot be phenotypically distin-
guished from those giving rise to the  lineage, and TCR enhancer, which is located downstream of the
C2 exon (McDougall et al., 1988). This 560 bp enhancertherefore  T cell development is not perturbed in the
absence of Notch1 signaling. Nevertheless, there is (E560) has been shown to activate VDJ recombination
within a transgenic substrate in early developing thymo-some evidence that / lineage commitment may
have already occurred in DN2 thymocytes. Kang et al. cytes in both embryonic and adult mice (Capone et al.,
1993; Okada et al., 1994). Deletion of E560 by gene(2001) have recently shown, both in vivo and in vitro,
that CD127hi DN2 cells are highly biased toward the  targeting (Bouvier et al., 1996) or replacement of E560
by E (Bories et al., 1996) or E (Senoo et al., 2001)lineage, while CD127lo DN2 cells develop much more
frequently into  lineage cells. Experiments with a Cre- drastically inhibits DJ and VDJ rearrangement and
consequently thymic development. Seven different nu-recombinase transgene that inactivates the Notch1
gene either earlier in intrathymic development or to clear factor binding motifs designated E1 to E7, and
which include GATA and helix-loop-helix E box motifs100% efficiency in all DN2 thymocytes would help to
clarify this issue. as well as Ets binding sites, have been identified by in
vitro footprinting and EMSA in the E560 enhancer. WeSince Notch1-deficient BM precursor cells adopt a B
cell fate in the thymus (Wilson et al., 2001), it would be have analyzed the DNA sequence of the E560 enhancer
for possible transcription factor binding sites for RBP-Jconceivable that the accumulating icTCR DN4 cells
are not of the T but of the B cell origin. However, virtually in order to investigate whether Notch1 signaling might
participate directly in the regulation of this enhancer.all DN4 thymocytes of Notch1-deficient mice are surface
CD90 positive and moreover express high levels of One binding site for RBP-J can be identified just up-
stream of the E6 site overlapping with a binding siteicCD3 protein consistent with a T cell origin. As it has
been shown that many mature and immature T cells in for the core binding factor. However, in vivo footprint
analysis shows that this RBP-J binding site is not occu-normal mice have undergone DJ rearrangement at the
IgH locus (Born et al., 1988), it is not informative to pied, thereby not supporting the possibility that the ac-
tivity of the TCR core enhancer is directly regulated vialook for aberrant DJH gene rearrangements in immature
Notch1/ thymocytes. Nevertheless, no icIgM protein Notch1 signaling. Nevertheless, Notch1 signaling might
regulate the TCR core enhancer by a more indirectcan be detected in Notch1/ DN4 cells, making it highly
unlikely that these icTCR DN4 cells are of the B cell mechanism.
As DJ rearrangement occurs before VDJ re-lineage.
The impairment in  T cell development in Notch1/ arrangement, we cannot exclude the possibility that
Notch1 signaling affects the rearrangement mechanismmice is characterized by a partial block of immature
thymocytes at the pre-TCR checkpoint. The pre-TCR in general, and therefore DJ rearrangement is not im-
paired, as Notch1 is inactivated too late. Alternatively,consists of a TCR chain, the invariant pT chain, and
CD3 components. A defect in the pre-TCR due to the Notch1 might differentially regulate DJ and VDJ rear-
rangement by acting directly on an as yet unidentifiedabsence of CD3 components can be excluded, as  T
cell development appears to be normal in Notch1/ regulatory DNA segment. In this case, DJ rearrange-
ment would be Notch1 independent, whereas VDJ re-mice and DN3 and DN4 subsets express normal levels
of CD3. Moreover, the steady-state level of pT mRNA arrangement would only occur after the cell has received
a Notch1 signal. In this scenario, Notch1 signaling couldis not perturbed in the absence of Notch1 in DN thymo-
cytes. However, the question of whether the onset of be the first signal transduction pathway identified that
is able to discriminate DJ from VDJ rearrangement.pT gene expression is perturbed in the absence of
Notch1, as has been recently suggested (Reizis and Thus far, only indirect evidence supports the possibility
that DJ and VDJ rearrangement might be differentiallyLeder, 2002), cannot be addressed, since deletion of
the Notch1 gene mediated by the lck-Cre transgene regulated. In transgenic mice carrying a TCR minigene
containing germline TCR gene elements (V, D, and J)apparently takes place too late.
Surprisingly, the partial block at the pre-TCR check- linked to the Ig C constant region including the Ig heavy
chain enhancer (E), Ferrier et al. have shown that Bpoint is due to inhibition of VDJ rearrangement. DN3
thymocytes undergo only limited VDJ rearrangement cells undergo DJ but not VDJ rearrangement. These
results suggest that additional T cell-specific factors arein the absence of Notch1, while DJ rearrangement is
apparently unaffected. These results strongly support needed for complete VDJ rearrangement (Ferrier et al.,
1990). Chromatin remodeling studies on the TCR locusthe idea that Notch1 signaling may play a key role in
controlling rearrangement of the TCR locus. Conse- have shown that the E enhancer contributes to major
chromatin remodeling directed to a 25 kb upstream re-quently, fewer Notch1/ cells are capable of producing
TCR protein and thus forming a functional pre-TCR gion harboring the D-J locus region. However, E560-
dependent chromatin remodeling for the distal V genesthat is required for further maturation and expansion of
the  lineage. According to this scenario, Notch1/ on the 5 side of the locus and the 3 proximal V14 gene
has not been observed (Mathieu et al., 2000), suggestingDN4 icTCR cells may be the direct developmental
progeny of CD44intCD25bright cells that have deleted that the E activity is confined to a discrete region of
the TCR locus. Taken together, these data indicateNotch1 early enough to impair VDJ rearrangement,
while the icTCR DN4 cells which have successfully that DJ and VDJ rearrangement may be regulated by
at least partially independent mechanisms and raise themade VDJ rearrangements may have deleted Notch1
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possibility that Notch1 may specifically influence VDJ when Notch1 crosstalks with any of the above-men-
rearrangement by controlling local chromatin accessi- tioned pathways has to be further investigated.
bility. The only established nonredundant function for
BrdU incorporation studies by Pe´nit et al. have shown Notch1 signaling in the lymphoid system described so
that the DN2 and DN4 thymocyte subsets have a high far is its essential role in T versus B cell fate specification
proliferation rate, while that of the DN3 subset is low (Izon et al., 2002; Koch et al., 2001; Pui et al., 1999;
(Pe´nit et al., 1995). The finding that the number of DN3 Radtke et al., 1999). Multiple studies have suggested
cells produced in 24 hr far exceeds the number of DN4 other roles for Notch1 signaling later during intrathymic
cells generated during the same period of time has led T cell development (Deftos et al., 1998, 2000; Izon et al.,
to the suggestion that only some DN3 cells give rise to 2001; Jehn et al., 1999; Robey et al., 1996; Washburn
DN4 cells. Therefore, the majority of DN3 cells are et al., 1997; Yasutomo et al., 2000). In contrast, in an
blocked or arrested at this stage and presumably subse- earlier study we reported that Notch1 signaling is not
quently eliminated (Pe´nit et al., 1995). This interpretation required for normal T cell development beyond the pre-
has been proven to be correct and is now known as  TCR checkpoint (Wolfer et al., 2001). In this report, we
selection. This is the checkpoint at which only DN3 cells demonstrate that Notch1 signaling has several nonre-
making a functional pre-TCR (a TCR chain, the pT dundant functions during earlybut not  T cell devel-
molecule, and CD3 components) will be able to escape opment, including the regulation of TCR rearrangement
programmed cell death and develop further through the as well as the elimination of cells with defective pre-
DN4 to the DP stage. The accumulation of Notch1-defi- TCRs.
cient icTCR (icCD3) cells at the DN4 stage suggests
that these cells are able to survive pre-TCR selection
Experimental Procedureswhich normally allows only DN3 cells with a functional
pre-TCR to progress further to the DN4 stage. Thus, in Generation of Mice with a loxP-Flanked Notch1 Allele,
addition to its function in TCR rearrangement, Notch1 and Thymus-Specific Cre-Recombinase Transgenes
signaling at the DN3 stage seems to ensure that cells Notch1lox/lox mice and Notch1lox/loxCD4-Cre mice were generated as
described previously (Radtke et al., 1999; Wolfer et al., 2001). Thewith defective pre-TCR signaling are eliminated. These
Notch1lox/lox lck-Cre mice were generated by crossing the Notch1lox/loxtwo functions of Notch1 signaling are most probably
mice with mice carrying the Cre-recombinase transgene under thenot linked, as an impairment in rearrangement of TCR
control of the proximal lck promoter (Lee et al., 2001). The pT/genes does not automatically lead to the survival of
and CD3/mice were kind gifts from H.-J. Fehling and M. Malissen,
cells that are unable to make a functional pre-TCR. For respectively. All mice were bred and maintained at the animal facility
example, TCR/ mice which have a lower probability of the ISREC. TCR/ and Rag1/ mice were purchased from
of making in-frame rearrangements at the TCR locus Jackson laboratories (Bar Harbor, ME).
because they have only one functional allele do not
accumulate icTCR cells at the DN4 stage. If the mech-
Purification of Double-Negative Thymocytes
anisms controlling rearrangement and elimination of DN thymocytes were prepared by antibody- and complement-medi-
pre-TCR-defective cells were linked, one would expect ated cytotoxicity as described previously (Wilson et al., 1999). In
to find an increased population of icTCR DN4 cells brief, total thymocytes were resuspended in DMEM/1% FCS and
incubated on ice with IgM anti-CD8 (31 M) and anti-CD4 (RL172.4)in TCR/ mice compared to TCR/ mice, which is
antibodies. In order to kill the targeted cells, rabbit complementnot the case.
(Saxon Europe, Suffolk, UK) together with DNaseI (Boehringer-Mann-Apoptosis of pre-TCR-defective DN3 cells has been
heim, Germany) was added and incubated at 37C. A Lympholyte-Mproposed to be mediated by death receptor signaling
(Cedarlane, Ontario, Canada) gradient was performed to eliminate
of the TNF receptor family, as inhibition of this pathway dead cells and debris.
by overexpressing a dominant-negative FADD protein
allows Rag/ thymocytes to develop to the DP stage
PCR to Detect Notch1 Gene Deletion(Newton et al., 2000). This model is further supported by
DN thymocytes from control, Notch1lox/loxCD4-Cre, and Notch1lox/the fact that overexpression of the antiapoptotic protein
loxlck-Cre mice were prepared as described above followed by fur-Bcl-2 is unable to overcome the developmental block ther elimination of contaminating lineage-positive cells by magnetic
of pre-TCR defective thymocytes (Maraskovsky et al., depletion with Goat anti-rat Ig M-450 Dynabeads (Dynal, France)
1997). Bcl-2 promotes thymocyte survival, but it is un- after staining with a cocktail of mAb rat IgG supernatants for CD4,
able to antagonize cell death induced by TNF death CD8, CD3, B220, Gr1, Ter119, CD11b, and DX5. These purified DN
lineage-negative thymocytes were then stained with CD117-PEreceptor signaling (Huang et al., 1999). In addition to
(eBiosciences, San Diego, CA), CD44-FITC (purified and conjugateddeath receptors, other signaling molecules and tran-
in this laboratory), and CD25-PE-Cy5 (eBiosciences). DN1scription factors have been implicated in controlling the
(CD117CD44CD25), DN2 (CD117CD44CD25), DN3 (CD44
pre-TCR checkpoint. For example, loss of the bHLH CD25), DN4 (CD44CD25), and DP (CD4CD8) cells were sorted
transcription factor E47 (Engel et al., 2001), overexpres- on a FACStar sorter (Becton Dickinson Biosciences, San Jose,
sion of Id1 (Kim et al., 2002), expression of a dominant CA). To detect deletion of the Notch1 gene by PCR, the following
active form of -catenin (Gounari et al., 2001), or expres- three primers described in Figure 1A were used on total cell lysates
of the sorted populations: 5 of loxP1 CTGACTTAGTAGGGGGAAsion of dominant active Ras protein (Swat et al., 1996)
AAC; 3 of loxP1 AGTGGTCCAGGGTGTGAGTGT; and 3 of loxP2can all promote the development of DP thymocytes in
TAAAAAGCGACAGCTGCGGAG. After 40 cycles of amplification (1Rag/ mice. Likewise, lack of Notch1 signaling allows
min at 93C, 1 min at 54C, 1 min at 68C) PCR products were
the development of DN4 thymocytes which are deficient separated on a 1.5% agarose gel. In a single PCR reaction, these
in pre-TCR signaling due to the absence of TCR pro- primers generate a 350 bp fragment in the presence of a loxP site
tein, suggesting that Notch1 is normally involved in the flanking the Notch1 gene and a 470 bp fragment upon deletion of
the floxed Notch1 gene.elimination of pre-TCR-deficient DN3 cells. If, how, and
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